ABSTRACT We have isolated and partially characterized an endonuclease involved in processing the 5' end of 16S rRNA of Escherichia coli. A mutant strain that is deficient in this enzyme accumulates a new precursor of 16S rRNA, named 16.3S rRNA. his rRNA has the 3' end of mature 16S rRNA but is about 60 nucleotides longer at theS' end. hi vitro, the enzyme preparation cleaves an RNA fragment of about 60 nucleotides from the 5' end of 16.3S rRNA in 30S ribosomal subunits, yieldin 'the mature 5' end of 16S rRNA. In the mutant strain the 16.3S rRNA is associated with a full complement of 21 ribosomal proteins in 30S subunits. These particles, which comprise 50% of the total 30S subunits, are present on polyribosomes. The rRNA transcription units in Escherichia coli contain the genes for 16S, 23S, and 5S rRNAs and at least four different tRNAs (1-10). The processing of rRNA transcripts involves a series of post-transcriptional modifications: RNase III, an enzyme specific for double-stranded RNA (11), cleaves the primary transcript, JOS pre-rRNA, into several fragments that are the precursors of 16S (pl7S), 23S (p23S), and 5S (p5S) rRNAs and other fragments that contain the tRNA sequences (6, 7, 9, 12) . Additional enzymes are required for the subsequent processing of the cleavage products of RNase III to the mature rRNAs (13) (14) (15) (16) (17) .
the precursors of 16S (pl7S), 23S (p23S), and 5S (p5S) rRNAs and other fragments that contain the tRNA sequences (6, 7, 9, 12) . Additional enzymes are required for the subsequent processing of the cleavage products of RNase III to the mature rRNAs (13) (14) (15) (16) (17) .
Because the 17S rRNA is longer than the mature 16S rRNA at both the 5' and 3' ends and is undermethylated (18, 19) , several modifications must occur during the conversion of 17S to 16S rRNA. Hayes and Vasseur (16) described an RNase activity involved in cleavage of the 3' end of 17S rRNA to the mature 3' end of the 16S rRNA; 27S ribosomal precursor particles containing 17S rRNA are the substrate in this reaction.
In this report we describe an RNase involved in processing of the 5' end of 16S rRNA. A strain of E. coli that lacks the enzyme accumulates a new precursor rRNA, called 16.3S rRNA. We have used 30S particles containing this precursor rRNA as substrate in the isolation of this RNase, which will be called RNase M16. Analysis of in vitro cleavage products made by preparations of this enzyme indicates that it is responsible for the maturation of the 5' end of 16S rRNA.
MATERIALS AND METHODS
Reagents and methods for cell lysis and gel electrophoresis were as described (20) (21) (22) . Rifampicin, RNase T1, hydroxylamine, and Tris (Sigma 7-9) were purchased from Sigma Chemical Co. DEAE-cellulose (DE-52) was obtained from Reeve Angel Co. [5,6-3H] Uracil (specific activity, 49.6 Ci/mmol), L-[methyl-
"4C]methionine (50 mCi/mmol), 3H-labeled L amino acid mix (1 mCi/ml), "4C-labeled L amino acid mix (0.1 mCi/ml), and carrier-free 32p043-were purchased from New England Nuclear Corp. E. coli strain EA2 and purified E. coli G factor were provided by M. Cashel (National Institutes of Health, Bethesda, MD). Strain EA2-G1, which contains a temperature-sensitive G-factor mutant (23) was obtained from M. Nomura (University of Wisconsin, Madison, WI). Purified RNase samples were generously supplied by M. Singer (RNase II) and R. Crouch (RNase III) (National Institutes of Health). T4 polynucleotide kinase was a gift from 0. Uhlenbeck (University of Illinois, Urbana, IL). Cells were grown in L broth medium, low-phosphate L broth (24) , or minimal salts medium (25) . The temperature-insensitive revertant [called the "BUMMER" strain (26) ] of E. coli was isolated after incubation of EA2-G1 cells in 1 M hydroxylamine (pH 6) for 20 min at 300 and selection for growth at 420. For preparation of ribosomes, cultures were harvested during the logarithmic phase of growth by rapid cooling on ice, and 30S ribosomal subunits were prepared by sucrose gradient centrifugation.
Ribosomal proteins were labeled by growth of 200 ml of cells for two generations at 370 in minimal salts medium containing 50 MCi of "4C-labeled amino acids (EA2 strain) or 250 jsGi of 3H-labeled amino acids (PE strains). Ribosomes were purified as above and the proteins were extracted by acetic acid and separated by two-dimensional gel electrophoresis for quantitation.
The 5' termini of rRNAs were labeled, with [y-32P]ATP and kinase at pH 8.0 (27) after pretreatment with bacterial alkaline phosphatase. RNAs were electrophoresed into a slab gel of 10% polyacrylamide or a composite slab gel of 3.0% polyacrylamide/0.5% agarose in Tris/EDTA/boric acid pH 8.3 buffer at 200 V at 0°as described (22) for the times indicated. The gels were autoradiographed or stained with Stains-All (28) . RNAs isolated from the gel were precipitated and digested with RNase T1 or pancreatic RNase. The resulting oligonucleotides were separated by two-dimensional paper electrophoresis (fingerprinting) according to Sanger et al. (29) .
The rRNA processing enzyme was isolated from a 1 M (23) and it persisted in a temperature-insensitive revertant of the G-factor mutant strain, the BUMMER strain (26) . This new rRNA, called 16.3S rRNA, migrated between 16S and 17S rRNAs (see Fig. 1 1.0 S17 0,9 S7
1.0 S18 0.9 S8 1.1 S19 0.9 S9 + Sil 1.1 S20 0.1 Slo 1.1 S21 0.9 30S subunits (labeled by growth in radioactive amino acids) of the BUMMER strain (14C) and EA2 strain (3H) were mixed, and the proteins were separated by two-dimensional gel electrophoresis and assayed for radioactivity. Proteins S9 and S11 were not resolved so the ratio is the average for the mixture. Forty percent of the 30S subunits in the BUMMER strain sample contained 16.3S rRNA, so lack of any ribosomal protein from the 16.3S rRNA-containing subunits would increase the 3H/14C ratio to 1.67. No increase beyond the range 0.9-1.2 was noted for any of the proteins.
No 16.3S rRNA activity could be detected in extracts of BUMMER strain cells. Furthermore, the enzyme capable of processing 16.3S to 16S RNA (which we call RNase M16) was not inhibited by extracts of BUMMER cells.
The RNase M16 activity is not that of RNase III, RNase II, or G factor. None of these enzymes was able to convert 16.3S rRNA to 16S rRNA in 30S ribosomal subunits. Likewise, purified RNase M16 had no RNase III activity when assayed on 30S pre-rRNA, and it chromatographed differently from purified RNase III on DEAE-cellulose.
The substrate specificity of the enzyme preparation was determined by using various ribosome fractions. The purified enzyme cleaved 16.3S rRNA in 70S ribosomes and 30S subunits but not in core particles or as naked 16.3S rRNA, and it did not cleave 17S rRNA present in any of the preparations.
Structural differences between the 16.3S and 16S rRNAs that accumulated in vivo were compared. Both rRNAs appeared to be fully methylated, as assayed by two-dimensional chromatography (31) of [14C]methyl-labeled nucleotides, and the 3'-terminal RNase Ti oligonucleotides of the two rRNAs were identical to mature 16S rRNA (32) (data not shown). In contrast, the 5'-terminal oligonucleotide of 16.3S rRNA was different from both the 5' end of mature 16S rRNA (pA-A-A-U-U-Gp) and the 5' end of 17S precursor rRNA (pU-Gp). Therefore polynucleotide kinase, and 30S ribosome-associated RNAs were separated by gel electrophoresis. As expected (cf. Fig. 1 ), untreated ribosomes contained two predominant bands of large RNA, migrating as 16.3S and 16S, whereas treated samples contained only 16S rRNA. RNase Ti fingerprinting and subsequent characterization of the 5'-labeled RNAs in these bands (Fig. 2 A-C; Table 2 ) revealed a discrete set of ends of these RNAs.
Only about 15% of the combined 16S and 16.3S rRNAs of the untreated 308 ribosomes had the 5' end of mature 16S rRNA, The 5'-32P-labeled oligonucleotides shown in Fig. 2 were assayed for radioactivity and then eluted for further analysis as shown. Redigestion products were characterized by coelectrophoresis at pH 3.5 on DEAE-cellulose paper with standards of known sequence and by two-dimensional chromatography after RNase T2 digestion (31) . The italicized p represents the position of the radioactive 5'-terminal phosphate. Structures were deduced from the positions of the oligonucleotides on the fingerprint, the pancreatic and U2 RNase redigestion products, and the structure of other labeled oligonucleotides in the same digest (assuming that the ends of the RNAs were heterogeneous due to exonucleolytic digestion) and the sequence of the 5' precursor region of 17S rRNA deduced by Young and Steitz (33) . Un-indicates an unknown number of Up residues (between 1 and 3). "Treated" and "untreated" refer to whether or not the 30S ribosomal subunits from which the RNA was isolated had been treated with RNase M16 prior to extraction and kinase labeling. * Products with less than 5% of the total are not shown, although their contribution was used in the calculation of total radioactivity.
pA-A-A-U-U-Gp. In contrast, after enzymatic conversion of 16.3S to 16S rRNA (Fig. 1) , the major 5'-terminal oligonucleotide (62%) was that of the 5' end of mature 16S rRNA ( Fig.  2C ; Table 2 ). The low level of other products seen in Table 2 were presumably derived from the background of preexisting "16S rRNA" present in the untreated sample (Fig. 2B) . 16 .3S rRNA had two predominant 5' oligonucleotides (numbers 4 and 5) which were possibly related to each other by a small amount of exonucleolytic cleavage ( Fig.  2A ; Table 2 ). During the conversion of 16.3S rRNA to 16S rRNA a "3S RNA" fragment was produced (Fig. 1, lane 5) . RNase T1 fingerprinting of this fragment labeled at its 5' end ( Fig. 2D Fig. 1 or of 17S rRNA from strain CP78 with an S-30 extract (B) as described (9) . The numbers refer to oligonucleotides analyzed in Table 3 . "b" indicates the position of the blue dye, xylene cyanol FF.
Proc. Nati. Acad. Sci. USA 75 (1978) 3601 A-A-A-Cp,A-Up,Cp RNase T1 oligonucleotides from the fingerprints shown in Fig. 3 were assayed for radioactivity, eluted, and redigested with pancreatic RNase (34) . Redigestion products were further characterized by RNase T2 digestion and two-dimensional chromatography (31) . The numbers of copies were determined from the relative amount of radioactivity in each oligonucleotide, assuming 1.0 copy of oligonucleotide no. 5 and 12 in the 3S RNase M16 fragment and 1.0 copy of oligonucleotides no. 9 and 13 in spot 9 RNA. experiments (using other preparations of RNase M16 both kinase-labeled (data not shown) and uniformly labeled (see below) 3S RNase M16 fragment had only one major 5' terminus (corresponding to oligonucleotide 4 of Table 2 ).
Precursor-specific sequences in uniformly 32P-labeled fragment (isolated by preparative gel electrophoresis as in Fig.  1 right) were characterized by RNase Ti digestion and fingerprinting (Fig. 3A) . The results of this analysis are summarized in Table 3 . Where possible, the previously published nomenclature of 17S rRNA precursor-specific oligonucleotides has been used (6, 18) .
The 5'-terminal RNase T1 oligonucleotide (no. 6 in Fig. 3A ) of RNase M16 fragment was identified by the fact that it contained pA-Up; this oligonucleotide had the same mobility as the major 5' oligonucleotide of kinase-labeled 16.3S rRNA (no. 4 of Fig. 2A and Table 2 ). The 3'-terminal oligonucleotide of RNase M16 fragment (no. 19) had a pancreatic RNase redigestion product A-A-A-Cp plus several Up residues but no Gp; these results indicated that the oligonucleotide was derived by cleavage of 17S rRNA precursor oligonucleotide D. This precursor-specific oligonucleotide was the only one with a composition that could generate the 5' end of mature 16S rRNA (18) . This result is in) agreement with the finding (Fig. 2C ; Table   2 ) that RNase M16 produces the mature 5' end of 16S rRNA, and it indicates that the enzyme does so endonucleolytically.
When uniformly labeled 17S or 30S pre-rRNA was digested with a crude preparation of processing enzymes, an RNA fragment (called spot 9 RNA in ref. 9 ) containing the 5'-proximal sequences of 17S rRNA precursor was produced. By RNase T1 digestion and oligonucleotide analysis ( Fig. 3B ; Table 3 ) we determined that spot 9 RNA contained the 5' oligonucleotide of 17S rRNA plus some other oligonucleotides not present in RNase M16 fragment; in addition, spot 9 RNA contained some but not all of RNase M16 fragment oligonucleotides found in the fingerprint of Fig. 3A . Thus, these two RNA fragments, produced by different cleavage processes, appear to share some common sequences. We conclude that spot 9 RNA contains the 5' end, and RNase M16 fragment the 3' end, of the precursorspecific 5' region of 17S rRNA (Fig. 4) . DISCUSSION We have isolated and partially characterized an endonuclease, called here RNase M16, that is capable of hydrolyzing a precursor of 16S rRNA to produce the 5' end of mature 16S rRNA.
The enzyme is not found in extracts of a strain of E. coil, called the BUMMER strain, that accumulates a 16.3S precursor rRNA, nor is an inhibitor of RNase M16 activity detectable in extracts of this strain. Some "RNase M16 -like activity" must be present in low levels in these cells because they contain about equal amounts of 16.3S and 16S rRNA. The 16.3S precursor rRNA is present in 30S ribosomes which are associated with polysomes and which contain all 21 SOS-ribosomal proteins, indicating that ribosomes containing 16 .3S rRNA might function in protein synthesis.
The enzyme acts endonucleolytically because in vitro conversion of 16 .3S rRNA to 16S rRNA generates a 3S fragment containing the 5' end of 16.3S rRNA. This fragment also contains several previously characterized precursor-specific RNase T1 oligonucleotides. The 3'-terminal oligonucleotide of the fragment appears to be derived from part of 17S rRNA precursor oligonucleotide D, the oligonucleotide that contains the 5' end of 16S rRNA (18 The inability of RNase M16 to cleave the 17S rRNA precursor may result from a lack of one or more ribosomal proteins from 17S rRNA-containing particles (37) . Alternatively (or additionally), the enzyme may require post-transcriptional modifications such as methylations or 3'-end maturation that have not occurred in 17S rRNA. From the DNA sequences of the precursor regions of two rRNA genes determined by Young and Steitz (33) plus the 16S rRNA sequence (35) , it is possible to draw various alternative structures of the 5' region of 17S rRNA, one or more of which could be favored by maturation of the 3' end. In most of these structures the 5' end of 16S rRNA is at the end of a base-paired stem, regardless of how the 3'-end sequence is folded or base-paired (for example, see Fig. 4 ).
Because the substrate used for in vitro cleavage assays in these experiments, 16 .3S rRNA in SOS ribosomal subunits, was isolated from the BUMMER strain, it is not necessarily an in vio intermediate in wild-type cells. It may be that the true in-vio substrate has the 3' end of mat-uure 16S rRNA and the 5' end of 17S rRNA. We have occasionally detected such an intermediate migrating between 16.3S and 17S rRNA in polyacrylamide gel electrophoresis. End-group analysis of this RNA confirms that it contains the 5' end of 17S rRNA and the 3' end of 16S rRNA (data not shown). 16 .3S rRNA, containing a 5' end different from that of 17S rRNA, may accumulate as a result of another, as yet unknown, RNase that normally degrades precursor-specific fragments after they have been removed from the large RNA. Likewise, another precursor-specific RNA fragment, called spot 9 RNA (9), may be an intermediate in the degradation of cleaved precursor fragments. The oligonucleotides listed in Table 3 for the RNase M16 fragment and spot 9 RNA are in excellent agreement with the DNA sequence determined by Young and Steitz (33) . The two fragments overlap by about 25 nucleotides, with their ends being on opposite sides of a possible doublestranded hairpin structure (Fig. 4) .
